Near-unity energy transfer efficiency has been widely observed in natural photosynthetic complexes. This phenomenon has attracted broad interest from different fields, such as physics, biology, chemistry, and material science, as it may offer valuable insights into efficient solar-energy harvesting. Recently, quantum coherent effects have been discovered in photosynthetic light harvesting, and their potential role on energy transfer has seen the heated debate. Here, we perform an experimental quantum simulation of photosynthetic energy transfer using nuclear magnetic resonance (NMR). We show that an N-chromophore photosynthetic complex, with arbitrary structure and bath spectral density, can be effectively simulated by a system with log 2 N qubits. The computational cost of simulating such a system with a theoretical tool, like the hierarchical equation of motion, which is exponential in N, can be potentially reduced to requiring a just polynomial number of qubits N using NMR quantum simulation. The benefits of performing such quantum simulation in NMR are even greater when the spectral density is complex, as in natural photosynthetic complexes. These findings may shed light on quantum coherence in energy transfer and help to provide design principles for efficient artificial light harvesting.
INTRODUCTION

Efficient exciton energy transfer (EET) is crucial in photosynthesis and solar cells,
1,2 especially when the systems are large, 3 e.g., as in Photosystem I (PSI) and Photosystem II (PSII), which have hundreds of chromophores. A comprehensive knowledge of the quantum dynamics of such systems would be of potential importance to the study on EET. 4 Much effort has been made to reveal the effects of quantum coherence on efficient energy transfer. [4] [5] [6] [7] [8] [9] [10] [11] In order to try to mimic EET, a Frenkel-exciton Hamiltonian is required and this can be studied with quantum chemistry approaches, 1 e.g., fitting experimental spectra, or calculations by density functional theory. Because photosynthetic pigment-protein complexes are intrinsically open quantum systems, with system-bath couplings comparable to the intrasystem couplings, it is difficult to faithfully mimic the exact quantum dynamics of EET. Among the methods for describing EET, 1, [11] [12] [13] the hierarchical equation of motion (HEOM) yields a numerically exact solution at the cost of considerable computing time. 11, 14 For the widely-studied Fenna-Matthews-Olson (FMO) complex, 5, 6, 11, 13, 15, 16 a reliable result could be produced by 16,170 coupled differential equations at low temperatures, based on the HEOM 11,14 with 4 layers. Moreover, the HEOM encounters difficulties when the system has non-trivial spectral density, making it often difficult to verify the results. On the other hand, due to heterogeneity, e.g., static disorder and conformational change, it is difficult to experimentally verify the theoretical predictions in natural photosynthetic systems. Because quantum simulations with N qubits can powerfully mimic the quantum dynamics of 2 N states by virtue of quantum mechanics, [17] [18] [19] the quantum simulation of photosynthetic energy transfer with an arbitrary Hamiltonian by nuclear magnetic resonance (NMR) provides an intriguing approach to verify theoretical predictions. Recently, a newly-developed technique which could simulate the effect of a bath with an arbitrary spectral density by a set of classical pulses has been successfully realized with ion traps 20 and NMR. 21 Therefore, photosynthetic light-harvesting with an arbitrary Hamiltonian and spectral density, describing a structured environment, can be experimentally simulated by NMR.
RESULTS
NMR is an excellent platform for quantum simulation since it is easy to operate and it can have long coherence times. 22, 23 In this paper, NMR is utilized to simulate the quantum coherent dynamics in photosynthetic light harvesting. As a prototype, a tetramer including four chlorophylls, 13 as schematically illustrated in Fig. 1a , is employed in the NMR quantum simulation. In a previous investigation, 13 the tetramer model was exploited to study the clustered geometry utilizing exciton delocalization and energy matching to accelerate the energy transfer. The EET in photosynthesis is described by the Frenkel-exciton Hamiltonian
where i j i (i = 1, 2, 3, 4) is the state with a single excitation at site i and other sites at the ground state, ε i is the site energy of i j i, J ij is the excitonic interaction between sites i and j. In our quantum simulations, we adopt the site energies 13 ε 1 = 13,000 cm , which are typical parameters in photosynthetic systems.
For a photosynthetic complex with N chlorophylls, there are only N single-excitation states involved in the energy transfer. Therefore, only log 2 N qubits are required to realize the quantum simulation. To mimic the energy transfer described by the above Hamiltonian (1), two qubits are necessary for the quantum simulation. In this case, the photosynthetic single-excitation state i j i is encoded as a two-qubit product state, i.e., 00 j i, 01 j i, 10 j i, and 11 j i. By a straightforward calculation, the Frenkel-exciton Hamiltonian can be mapped to the NMR Hamiltonian as should be replaced by kHz. In other words, all realistic parameters have been scaled down in energy by a factor of 1 cm −1 /(π/10 kHz) = 3 × 10 8 /π. The excitonic coupling J ij between sites i and j makes the exciton energy hop in both directions, i.e., i j i ⇆ j j i. Apart from this, the system-bath couplings will facilitate the energy flow towards an energy trap, where the captured photon energy is converted into chemical energy. 2, 3 The interaction between the system and bath in photosynthetic complexes can be described by
where a y ik is the creation operator for the kth phonon mode of chlorophyll i with coupling strength g ik . H SB will induce puredephasing on the i-th chromophore when it is in the excited state. Generally, the system-bath couplings are given by the spectral density
which we assume identical for all chromophores. For typical photosynthetic complexes, the system-bath couplings are of the same order as the intra-system couplings. In order to mimic the effects of noise, we utilize the bath-engineering technique which has been successfully implemented in ion traps and NMR. The implementation of a pure-dephasing Hamiltonian
relies on generating stochastic errors by performing phase modulations on a constant-amplitude carrier, i.e.,
where Ω 0 is the constant amplitude of a magnetic field with driving frequency ω μ , ψ j is a random number, ω j = jω 0 with ω 0 and ω J = Jω 0 being base and cutoff frequencies, respectively, and α is a global scaling factor. The power-spectral density S z ðωÞ R dτ _ ϕ N ðt þ τÞ _ ϕ N ðtÞ e iωτ is the Fourier transform of the autocorrelation function of _ ϕ N ðtÞ,
By appropriately choosing F(j) and the cutoff J, an arbitrary powerspectral density of the bath can be realized, e.g., white, Ohmic, or Drude-Lorentz spectral densities. For the details, please refer to the Supplementary Information. As illustrated in Fig. 1b , the nuclear spins of the carbon atom and hydrogen atom in a chloroform molecule are chosen to encode the two qubits with the Hamiltonian written as
where ω 1 = 3206.5 Hz, ω 2 = 7787.9 Hz are the chemical shifts of the two spins, and J = 215.1 Hz (ref. 24 ). Therefore, in order to simulate the quantum dynamics of energy transfer, the entire evolution is decomposed into repetitive identical cycles. After each cycle, there is a small difference between the exact evolution and the simulated one. However, because there are tens of thousands of cycles before completing the energy transfer, the accumulated error might be significant so that the simulation becomes unreliable. To avoid this problem, we utilize the gradient ascent pulse engineering (GRAPE) algorithm, 25 which has been successfully applied to a number of quantum simulations in NMR, 23, 26, 27 to mimic the quantum dynamics of light harvesting. Before studying the population dynamics, we shall explore the characteristics of the artificially injected noise. Generally, the noise is characterized by Ramsey interference measurements, as shown in Fig. 2 . When there is no noise applied to the system, we would expect coherent evolution without damping. However, as the artificial noise is applied, the oscillations become damped. The envelope of the damped oscillations is fully determined by the noise strength. Interestingly, for the parameters employed in this work for a broad-frequency background bath, the NMR experimental results exactly fit the theoretical prediction by HEOM. This suggests that our technique for injecting artificial noise can, in this limit, faithfully reproduce the effect of the protein environment on natural photosynthetic complexes.
In Fig. 3a , the quantum coherent energy transfer for the above Hamiltonian H NMR + H PDN , using an initial condition where an excitation is localized on the first chromophore, is simulated in NMR. In the short-time regime, cf. Fig. 3b , there are Rabi-like oscillations of coherent energy transfer between the two levels with the highest energies, because there is a strong coupling between these two levels. Furthermore, the oscillation quickly damps as the energy transfer is irreversible due to the puredephasing noise. After an exponential decay process, the populations on all levels reach thermal equilibrium. Noticeably, there are small oscillations for the two lowest-energy levels as a result of their strong coupling. For each point in the quantum simulation, the data is averaged over M random realizations. For a given realization, the system undergoes a coherent evolution by applying a time-dependent magnetic field with fluctuating phases, as shown in Eqs. (6) and (7). However, for an ensemble of random realizations, since each realization experiences a different phase at a given time, the ensemble average manifests itself as a single realization undergoing a pure-dephasing noise. In this regard, the deviation of the NMR simulation from that predicted by the HEOM decreases as the number of realizations in the ensemble increases. In Fig. 4 , we show the effect on the simulation error of the number of realizations in each ensemble. Both results, by NMR and by HEOM, converge as M increases, such that the difference between them can hardly be noticed when M 500. This effect would be more remarkable if M were increased further, as confirmed by our theoretical simulations in the Supplementary Information. In conclusion, the dephasing Hamiltonian (3) in photosynthesis is effectively mimicked by a classical time-fluctuating magnetic field ((6) and (7)).
It has been suggested in the literature 6, 28, 29 that the long-lasting electronic coherence observed in experiments might be attributed to strong coupling to vibrational modes. Therefore, it is interesting to consider whether it is possible to simulate some features of underdamped vibrational modes in the NMR platform. In photosynthesis, the coupling to a vibrational mode can be described by
. In order to simulate the underdamped vibrational mode in our protocol, we can supplement an additional term, i.e., αF(v) sin(ω v t) into Eq. (7). In Fig. 5 , we show the numerical simulation for the above 4-level system including such a "semi-classical" vibrational mode. Because we set the vibrational mode to be closely-resonant with the two lower exciton states, there is significantly prolonged coherence in the two lower energy states in the short-time regime, as compared to Fig. 3 . Since there is no random phase associated with this modulation, and quantum properties of the vibrational mode are neglected, each realization will evolve uniformly in Fig. 5 . Therefore, the long-lasting coherence is driven by the nearlyresonant driving. Going beyond a semi-classical approach, and accurately capturing the quantum features of this mode, requires the use of ancillary degrees of freedom, as discussed in the conclusions. 
DISCUSSION
Note that the proof-of-concept NMR experiment presented in this work goes beyond reproducing the HEOM results. To faithfully simulate the EET dynamics on a large photosynthetic system, using the HEOM would be computationally unaffordable. In addition, the HEOM 11,14 is known to encounter difficulties when the spectral density is not in a simple Drude-Lorentz form. As shown in the Supplementary Information, the computational cost of HEOM scales exponentially with the system size and the number of exponentials in the bath correlation function.
11,14 Our NMR simulations do not have such shortcomings, as it scales polynomially with respect to the system size. 30, 31 Moreover, the quantum simulation algorithm also scales more favorably in terms of the number of exponentials in the bath correlation function. Notice that our simulation proposal is designed for a Gaussian bath. Interestingly, a recently-developed stochastic Liouville equation approach 32 can effectively handle open-system dynamics for spin and fermion bath. In the future it might be beneficial to generalize our approach to handle non-Gaussian baths. With our current approach, in principle, a photosynthetic system with~100 sites (e.g., the PSI complex) requires a 7-qubit quantum simulator. This means that the coherent EET dynamics of a full functional biological unit for photosynthesis (e.g., the PSII supercomplex that contains~300 sites) can be faithfully simulated by a 9-qubit NMR quantum computer. Recently, the quantum control on 12 qubits has been successfully demonstrated on an NMR system, 31 where the shortest T Ã 2 is 150 ms. In natural photosynthetic complexes, the energy transfer is completed within 50 ps. For the scaling factor in our proposal, it corresponds to 7.5 ms, which is smaller than T Ã 2 by one order of magnitude. Therefore, it is reasonable to simulate the coherent energy transfer within the intrinsic decoherence time of NMR systems. Thus, we believe that NMR quantum simulation has the potential to help clarify the mysteries of light harvesting in natural photosynthesis. In this regard, other approaches, which do not take advantage of this scaling provided by encoding multiple sites into a single qubit, 33 currently lack the required size to simulate such large photosynthetic systems, and thus may also benefit from the approach we develop here.
On the other hand, in natural photosynthetic complexes, the energy is transferred from the outer antenna to the reaction center. In principle, the excitation depletion at the reaction center could be simulated in the NMR platform by coupling auxiliary spins to the energy sink site to remove the population, which is similar to introducing an amplitude damping error in the simulations. 34 In order to prevent the back transfer of energy, there is a large energy gap between the lowest eigenstate of the outer antenna and the reaction center. Thus, the transfer rate from the lowest-energy state to the reaction center is much smaller than the transfer rate within the outer antenna. It is reasonable to simulate the energy transfer without the reaction center. 35 In our theoretical exploration, 13 we investigate the geometrical effects on the energy transfer. In another exploration 36 , it was shown that tuning the phases of the inter-molecular couplings can further optimize the energy-transfer efficiency. In future work, it might be interesting to investigate the effect of the couplings' phases on the NMR quantum simulation.
In this paper, the photosynthetic energy transfer is experimentally simulated using NMR. As a prototype, a two-qubit NMR system is utilized to demonstrate both: coherent oscillations in the short-time regime and steady-state thermalization for long times. By using the GRAPE technique, an arbitrary photosynthetic system can be faithfully mapped to the NMR system. Moreover, the effect of the environment on EET can be effectively mimicked by a set of well-designed pulses, which act as a classical pure-dephasing noise. The quantum simulation of photosynthetic energy transfer in NMR would facilitate the investigation of quantum coherent effects on the EET and provide clearer design principles for artificial light-harvesting devices together with structured baths. 13, 37 It was experimentally verified in circuit QED 33 that a structured bath can optimize the energy transfer in EET. 37 Vibrationally assisted energy transfer was demonstrated in a trapped-ion quantum simulator. 38 In both cases, the physical setups therein showed their potential to verify the design principles in optimal photosynthetic light harvesting. However, here we showed that we can use NMR and bath-engineering techniques to efficiently mimic exactly photosynthetic light harvesting in large systems with arbitrary system structure. On the other hand, with our current approach, the simulation may not capture quantum features of the system-environment interaction that arises at stronger couplings and lower temperatures. Capturing such correlations by encoding them in ancillary qubits 39 is a potentially rich avenue for future explorations.
METHODS
Physical parameters
The Hamiltonian H NMR implemented in our NMR simulations is the same as the photosynthetic Hamiltonian H EET , but with the unit cm −1 divided by 3 × 10 4 /π. The diagonal terms are 
Initialization
Starting from the thermal-equilibrium state, we prepare a pseudo-pure state 40, 41 using the spatial-average technique. 41 
Measurement
The goal is to acquire probability distributions of four states 00 j i, 01 j i, 10 j i, and 11 j i after the pulse sequences that we designed are implemented on the two-qubit NMR system, namely, four diagonal values of the final density matrix. The density matrices of the output states are reconstructed completely via quantum state tomography. 42 Therefore, the density matrix of the system can be estimated from ensemble averages of a set of observables. For the one-qubit system, the observable set is {σ i } (i = 0, 1, 2, 3). Here, σ 0 = I, σ 1 = σ x , σ 2 = σ y , σ 3 = σ z . For the two-qubit system, the observable set is {σ i ⊗ σ j } (i, j = 0, 1, 2, 3). In our experiments, the complete density matrix tomography is not necessary. All we need is to perform two experiments in which the reading-out pulses exp(−iπσ y /4) ⊗ I and I ⊗ exp (−iπσ y /4) are respectively implemented on the final states of 1 H and 13 C. The symbols in Fig. 3 are obtained by averaging over M = 150 random realizations.
Ramsey spectroscopy
In our experiments, we perform Ramsey spectroscopy for a single qubit subject to Drude-Lorentz noise. In particular, the experiment is divided into three steps:
(1) Preparing the state 0 j i and rotating it to the xy plane by a π/2 pulse along the x-axis. (2) Free evolution while adding the Drude-Lorentz noise. (3) Applying a reverse π/2 pulse and measuring the population of the state 0 j i.
We observe that the decay time constant of the population of the state 0 j i is significantly reduced in the presence of the Drude-Lorentz noise, as shown in Fig. 2 . Ramsey fringes are a fit to a cosine with a simple exponential decay envelope. The result by the HEOM theory (blue curve in Fig. 2 ) is consistent with that in experiments (red dots in Fig. 2) . In other words, we demonstrate that χ(t) = Re[g(t)].
Vibrational mode
In photosynthetic energy transfer, the coupling to a vibrational mode is described by P i g iv i j i i h j a y iv þ a iv . In order to simulate the underdamped vibrational mode, we can supplement an additional term into Eq. (7), i.e., αF(v) sin(ω v NMR t).
Here we choose ω v NMR = 2π × 12.5 kHz and αFðvÞ ¼ ffiffiffiffiffiffi ffi 0:1 p ω v NMR . Since there is no random phase associated with this modulation, i.e., ψ v = 0, each realization will be driven uniformly. Because we set the vibrational mode to be closely-resonant with the two lower exciton states, i.e., 
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